Background: A substantial increase in triglycerides (TGs) after a meal is associated with an increased risk of cardiovascular disease. Most studies investigating the effects of a meal on TGs
Introduction
Cardiovascular disease (CVD) 5 represents a serious risk and burden for many adults in Western society (1) . Previous research has linked increased CVD risk to both low levels of physical activity (2) and poor dietary habits (3) . Specifically, there is evidence implicating the consumption of single high-fat meals (HFMs) in elevating CVD risk. An exaggerated postprandial TG response, termed postprandial lipemia, has been linked to a high risk of CVD (4) . Mechanisms connecting HFM consumption to CVD risk are numerous and include subendothelial penetration of lipoproteins, increased oxidative stress, and impaired endothelial function (5) . In particular, there is evidence that inflammation may increase acutely after an HFM, suggesting the potential activation of an inflammatory cascade after the intake of only one meal (6) . Because inflammation is an important hallmark of CVD (7), it provides a potentially important connection between HFM intake and CVD risk.
However, there are several important methodologic considerations when interpreting the results of previous postprandial studies. First, many studies used test meals that were quite large, caloriedense, and rich in fat (e.g., ;1300 kcal and 60% fat) (8) (9) (10) (11) (12) (13) (14) (15) . In addition, the standard practice in postprandial studies is to have participants arrive at the laboratory fasted, consume the large meal, and then not eat again for 6-8 h while their postmeal response is monitored. These design features are understandable from a scientific standpoint but do not necessarily lend themselves well to understanding the actual postmeal challenges that many individuals face on a daily basis, because they do not represent typical eating patterns (16) . More research into the postprandial response under true-to-life scenarios is warranted.
The purpose of this study was to compare metabolic and inflammatory responses to 3 different meal conditions in order to better understand the metabolic and inflammatory challenges faced by the body on a daily basis. We used an HFM, representative of meals used in previous postprandial studies, as well as a moderate-fat meal (MFM), and a third condition in which participants consumed the full MFM twice, 3 h apart [biphasic meal (BPM)]. We hypothesized that 1) the HFM would elicit a significantly greater TG response than the MFM and BPM and 2) there would be a greater inflammatory response after the HFM than after the other 2 meals.
Methods

Participants
Nine young men (aged 18-35 y) were recruited to participate in the present study. Participants were not regularly engaging in exercise (,30 min/wk) and were not meeting physical activity guidelines [,150 min moderate-to vigorous-intensity physical activity/wk (17) ], according to self-report via the International Physical Activity Questionnaire. Participants were free of any ongoing chronic disease, as confirmed via medical history questionnaire. This study was approved by the Institutional Review Board at Kansas State University.
Overall study design
The present study used a randomized crossover design. Participants reported to the laboratory on 4 separate occasions. The first session consisted of an initial assessment, in which participants completed paperwork and anthropometric tests were conducted. Participants completed an informed consent, medical history questionnaire, and the physical activity questionnaire. Blood pressure was assessed at rest by using an automated blood pressure cuff (Omron International). Height was measured by using a portable stadiometer (Invictus Plastics), and weight was assessed via digital scale (Pelsar LLC). Body composition was then measured via DXA scan (GE Lunar Prodigy). For the 3 main assessments, participants consumed 1 of 3 test meals in randomized order: a standard HFM, an MFM, and a BPM, in which they consumed the MFM twice, separated by a period of 3 h. Blood draws were made at baseline and serially (each hour) for 6 h to assess the postprandial metabolic and inflammatory responses. Each meal trial was separated by $1 wk and #3 wk. A washout period of $1 wk was chosen to eliminate the possibility of a carry-over effect. Because previous studies suggest that postprandial TGs will return to baseline concentrations within 8-10 h post-HFM (18, 19) , our 7-d washout period ensures the observance of independent meal effects.
Test meals
Three test meals were used in the present study: 1) an HFM [17 kcal/kg body mass; 64% fat (21% saturated fat), 16% carbohydrate, 20% protein; 3 g fiber/serving; energy density: 2.0 kcal/g], which consisted of potatoes, eggs, sausage, and cheddar cheese; 2) an MFM [8.5 kcal/kg body mass; 30% fat (13% saturated fat), 55% carbohydrate, 15% protein; 2 g fiber/serving; energy density: 2.1 kcal/g], which comprised sausage, egg, cheese, and whole-grain crust; and 3) a BPM in which the full MFM was consumed twice, 3 h apart. The HFM trial was designed to be representative of typical meals used in previous postprandial lipemia studies (8) (9) (10) (11) (12) (13) (14) (15) . The MFM was designed to be half the kilocalories of the HFM while presenting primarily the same contents (i.e., sausage, egg, cheese). In the BPM trial, we wanted to assess the potential compounding effects of smaller, more moderate meals, because it is reasonable for a person to eat twice in a 6-h period. In total, the BPM was equal in kilocalories to the HFM. When accounting for participant body mass, the HFM contained 1319 6 338 kcal and the MFM contained 660 6 169 kcal.
Meal test protocol
Before the first meal trial (HFM, MFM, or BPM), which was determined via random assignment for each participant, the participants were instructed to record their dietary habits for 3 full days. For the remaining 2 trials, participants were given a photocopy of their diet record from the first meal trial, which they were instructed to repeat. Participants were instructed to refrain from planned exercise for 2 full days before each meal trial. Participants also abstained from alcohol and caffeine for 12 h before each assessment. For each session, participants were given a hard-copy reminder sheet of these instructions, and no participants reported an impactful deviation from these instructions at any point throughout the study.
On each meal trial day, participants reported to the laboratory after a 10-h overnight fast. An indwelling safelet catheter was inserted into a forearm vein via a 24-gauge needle (Exelint International). The intravenous catheter was kept patent with a steady infusion of 0.9% NaCl solution (;1 drip/s) and fixed in place via placement of Tegaderm film (3M Healthcare). When the intravenous catheter was in place, a baseline blood draw was performed. For each blood draw, a 3-mL syringe (BD) was used to clear the line of saline, after which a 5-mL syringe (BD) was used for the actual blood sample. Blood draws were used to assess whole-blood TGs, glucose, total cholesterol (TC), HDL cholesterol, LDL cholesterol, and markers of inflammation (see "Analytical procedures"). After the baseline/fasting blood draw, participants consumed the respective meal in #20 min. Water was available to participants ad libitum with each meal and throughout the postmeal period. Participants remained in the laboratory for 6 h after the completion of each meal, with timing started after the last bite of the meal. Blood draws were performed hourly for 6 h after the meal. Metabolic markers were assessed every hour, whereas inflammatory markers were assessed at baseline and 3 and 6 h postmeal. Markers of inflammation were assessed less frequently than metabolic markers primarily due to funding limitations. Inflammatory assessments were evenly spaced (baseline and 3 and 6 h postmeal) to best characterize the postprandial inflammatory response given the available resources.
Analytical procedures
Whole-blood metabolic measures (TGs, glucose, TC, HDL cholesterol, and LDL cholesterol) were determined via Cholestech LDX analyzer (Alere Cholestech). For each sample, several drops of whole blood were drawn into a capillary tube and plunged into a Cholestech LDX Lipid+Glu cassette (Alere Cholestech). The cassette was then inserted into the Cholestech LDX analyzer for processing. The remaining blood sample was then centrifuged at 1800 3 g at room temperature for 12 min, and the plasma was pipetted into 0.6-mL snap-cap containers (Fisher). Plasma was stored at 260 8 C until study completion. At the conclusion of the study data collection, plasma samples were analyzed in duplicate via custom highsensitivity T cell bead-based 4-plex assay (Eve Technologies). The multiplex assay was conducted at Eve Technologies via the BioPlex 200 system (Bio-Rad Laboratories, Inc.) and a Milliplex high-sensitivity custom human cytokine kit (Millipore) according to protocol specifications. The 4 markers of inflammation assessed in the present study were IL-6, IL-8, IL-10, and IFN-g. CVs were ,10% for all inflammatory marker analyses.
Statistical analyses
An a priori sample size calculation (a = 0.05, power = 0.80) determined that 6 participants would be needed to detect differences between meals in the postprandial TG total AUC (tAUC) response. However, 9 participants were recruited to increase power to detect differences in other outcomes, such as markers of inflammation (although an a priori sample size calculation was not conducted for inflammatory markers). tAUC, incremental AUC (iAUC), peak value, and time-to-peak value were determined for each of the metabolic and inflammatory markers in each meal trial. The data were checked for normality by using the Shapiro-Wilk formal normality test. If the data were normal, a 1-factor ANOVA was conducted to test for differences between meals. If the data were nonnormal, a nonparametric Friedman test was used to test for meal differences. Time-course changes in metabolic and inflammatory markers in response to each meal were determined via 2-factor (meal 3 time) repeated-measures ANOVA with Tukey's adjustment for post hoc pairwise comparisons. A type 1 error rate of 0.05 was allowed for all analyses in determining significant differences.
Results
Participant characteristics are presented in Table 1 . Three participants had a systolic blood pressure .120 mm Hg. No participants were found to have a high diastolic blood pressure. With regard to BMI, 5 participants were normal weight (in kg/m 2 ; 18.5-24.9), 2 were overweight (25.0-29.9), and 2 were obese ($30) (20) . Two participants presented with fasting TGs .150 mg/dL. All fasting glucose values were ,110 mg/dL. No participants were found to have high fasting TC (.200 mg/dL). There were no differences between meals with regard to fasting metabolic markers (all P . 0.05).
Postprandial metabolic data are presented in Table 2 and Figure 1. There were significant meal effects with regard to TG peak, time to peak, tAUC, and iAUC. A significantly higher TG peak was observed in after HFM than after the MFM (P = 0.003), but there were no differences between the BPM and the HFM (P = 0.06) or MFM (P = 0.99). The time-to-peak TG response was significantly longer in the HFM (P = 0.01) and BPM (P = 0.01) trials than in the MFM trial, with no difference (P = 0.29) between the HFM and BPM. The tAUC response for TGs was significantly larger in the HFM trial than in the BPM (P = 0.03) and MFM (P = 0.0005) trials, but there was no difference between the BPM and MFM trials (P = 0.72). Similarly, iAUC was greater in the HFM trial than in the BPM (P = 0.01) and MFM (P = 0.001) trials, whereas there was no difference between the BPM and the MFM trials (P = 0.99).
There were no significant meal effects with regard to glucose ( Table 2) . Time-course responses for glucose are shown in Figure  1B . Overall, there were no substantial differences between the 3 meal trials in terms of the glucose response.
Metabolic load index (MLI) is determined by adding circulating glucose and TGs in order to better characterize the metabolic challenge faced by the body, instead of looking at glucose and TGs separately (5) . There was a significant meal effect for MLI across trials in terms of peak, time to peak, tAUC, and iAUC (Table 2) . Within pairwise comparisons, the HFM elicited a greater peak than did the MFM (P = 0.007) and BPM (P = 0.03) trials, with no difference between the MFM and BPM (P = 0.99). The timeto-peak MLI response was significantly longer in the BPM condition than in the MFM condition (P = 0.048), but the HFM was not significantly different from the MFM (P = 0.06) or BPM (P = 0.09). With regard to tAUC, the HFM elicited a greater MLI response than did the MFM (P = 0.003), but not the BPM (P = 0.06); no difference was detected in tAUC in the MFM compared with the BPM (P = 0.99). The HFM produced a greater iAUC MLI response than the MFM (P = 0.003) and BPM (P = 0.02), and there was no difference between the MFM and BPM (P = 0.52). Figure 1C shows time-course changes for the MLI in the postprandial period in response to the 3 meals. There were no significant meal effects with regard to TC. However, significant meal effects were determined for LDL-cholesterol peak and tAUC responses. The peak LDL-cholesterol response was significantly greater in the MFM condition than in the HFM (P = 0.007) and BPM (P = 0.007) conditions, although there was no difference between the HFM and BPM (P = 0.77). With regard to tAUC, the LDL-cholesterol response was significantly larger in the MFM trial than in the HFM (P = 0.0009) and BPM (P = 0.004) trials, with no difference between the HFM and BPM conditions (P = 0.46). A significant meal effect was detected with regard to the HDL-cholesterol tAUC response. The MFM elicited a significantly greater HDL-cholesterol tAUC response than did the HFM (P = 0.02) and the BPM (P = 0.047), but there was no difference between the HFM and BPM (P = 0.86). The postprandial time course for responses generally showed a steady increase in HDL cholesterol after the MFM, whereas HDL cholesterol tended to decrease after the HFM ( Figure 1D) . Figure 2 and Table 3 shows fasting and postprandial values for 4 markers of inflammation assessed at baseline and at 3 and 6 h postmeal: IL-6, IL-8, IL-10, and IFN-g. A significant meal effect was detected for IFN-g iAUC. However, within this meal effect, there were no significant post hoc pairwise comparisons. No other meal effects were detected for other inflammatory markers with regard to fasting, peak, time-to-peak, tAUC, or iAUC values. There was no significant time 3 treatment interaction for IL-6 (P = 0.19), IL-8 (P = 0.06), or IL-10 (P = 0.16). However, there was a significant time 3 treatment interaction for IFN-g (P = 0.01). In post hoc pairwise comparisons, IFN-g was significantly higher (P = 0.02) in the BPM trial than in the HFM trial 3 h postmeal.
Discussion
Main findings
The purpose of the present study was to compare metabolic and inflammatory responses to 3 different meal conditions, with the intention of better assessing the metabolic and inflammatory challenges faced by the body under real-life circumstances. The main finding of the present study was that, overall, the HFM elicited a substantially greater TG response than the other 2 meal trials. This finding suggests that the single large bolus of fatty food, representative of meals used in previous postprandial studies, may induce a very different TG response than more reasonable meals (i.e., fewer kilocalories, less fat, divided into smaller meals over time) consumed in daily living. We also hypothesized that the HFM would elicit a greater inflammatory response than the MFM and BPM. However, this prediction was only partially supported. With the exception of a significant time 3 meal interaction for IFN-g, there were no real appreciable differences between meal trials with regard to markers of inflammation.
Postprandial TG response
We found that, relative to the standard HFM, a meal more moderate in terms of kilocalories and percentage fat (i.e., the MFM) induced a blunted postprandial TG response. However, it should be noted that the MFM contained 660 6 169 kcal, which is a relatively substantial meal. The MFM also contained generally the same ingredients (sausage, egg, cheese) as the HFM. Thus, the MFM, which is arguably representative of a reasonable meal consumed in daily living, induced a blunted change in TGs over the 6-h time course, whereas the HFM produced a large, sustained TG response. It has been reported that elevated postprandial TGs can independently increase myocardial infarction risk by 40% per 100-mg/dL increase in TGs (21, 22) . Because, on average, the HFM elicited a peak TG response .100 mg/dL greater than the MFM, it is likely that the differences seen between meals with regard to postprandial lipemia have clinical significance. For the first 3 h postmeal, the TG responses of the BPM mimicked the MFM; however, after the consumption of the second meal at hour 3, a compounding effect was observed, and the TG values for the BPM were significantly greater than the MFM at 4, 5, and 6 h postmeal. These findings support the notion that postprandial lipemic responses can be summative, affected by both the lingering TG concentrations of previous meals and the TG flux of a more recent meal. This conclusion is important to consider, because many postprandial studies only feature 1 meal followed by a prolonged period of assessment in which no additional snacks or meals are consumed. Thus, future research should further assess multiple meals in attempting to characterize the TG flux under normal dietary consumption and timing.
To our knowledge, only one previous study has investigated postprandial lipemia in the context of multiple sequential meals. Pfeiffer et al. (23) assessed postprandial lipemia in response to 2 meals that each provided approximately one-third of each participant's daily energy needs and contained 33% fat. However, the purpose of the study was to determine the minimum amount of walking required to blunt postprandial lipemia to the sequential meals. Thus, no comparison was made between the moderate, sequential meals with a standard HFM, as was done in the present study. Our results support the concept of summative TG responses to sequential meals, but we also found that the HFM elicited a significantly greater postprandial lipemia AUC response than did the BPM, even though the BPM contained the same amount of kilocalories. This finding could point to one or several considerations: 1) the 6-h postprandial duration may not have been sufficient to witness the entire BPM lipemic response, 2) the HFM may overwhelm the metabolic-clearing capacity of the body to a greater degree than the BPM, and 3) the difference between the HFM and BPM may simply be due to the different proportional fat contents. More research is needed to elucidate the potential response differences between 2 small meals and 1 very large meal.
Postprandial HDL-cholesterol response An important finding in the present study was the divergent postprandial responses with regard to HDL cholesterol. There were no differences in HDL cholesterol between meals at baseline, but over the course of the 6-h postmeal period, HDL cholesterol tended to decrease in the HFM trial but remain steady in the MFM trial. There were also main meal effects with regard to HDL-cholesterol peak and tAUC. Clearly, these different meal trials produced different effects on HDL cholesterol. Previous evidence has shown that the response of HDL cholesterol is inversely related to the magnitude of postprandial lipemia (13) , and it has been speculated that the lowering of HDL cholesterol in response to HFM consumption can be an avenue by which HFMs induce deleterious cardiovascular effects (24) .
Markers of inflammation
To our knowledge, the present study is the first to investigate inflammatory responses to an HFM compared with more moderate meals, including sequential moderate meals. Investigating the inflammatory responses to these moderate meals is important, because inflammation has been mechanistically linked to the development and progression of CVD. In our cohort of young, insufficiently active men, with the exception of IFN-g iAUC, there were no main postprandial effects seen across meals among the markers of inflammation. Furthermore, only IFN-g exhibited a significant time 3 meal interaction in the postprandial period. IFN-g is an important cytokine released from activated macrophages and is an influential player in the inflammatory cascade that promotes atherosclerosis (25) . IFN-g has been minimally assessed in the postmeal period but was shown to increase in one study that used a very large HFM (26) . In our study, which used meals of varying fat and energy content, despite a significant time 3 meal interaction, there were no clear and consistent postprandial differences between the 3 meal trials, although IFN-g was significantly greater in the BPM than HFM 3 h postmeal.
IL-6 is an intriguing inflammatory marker, because it is both a cytokine and a myokine, and there is ongoing debate as to whether it is pro-or anti-inflammatory in nature. Across studies, there is fairly consistent evidence that IL-6 increases in response to HFM intake (27, 28) . Whether this increase in IL-6 is beneficial or deleterious remains to be determined. Interestingly, there was no significant meal 3 time interaction for IL-6 in the postprandial period. The reason for the lack of change in IL-6 in the present study, particularly after the HFM, is unclear.
Strengths and experimental considerations
In our view, this study has several points of strength. First, this investigation was designed to be true to life and provide valuable data with regard to the postprandial metabolic and inflammatory challenges experienced by individuals on a daily basis. The HFM were assessed at baseline (time 0) and 3 and 6 h after each meal trial (HFM, MFM, and BPM). Values are means 6 SEMs, n = 9.^HFM compared with BPM. BPM, biphasic meal; HFM, high-fat meal; MFM, moderate-fat meal.
was very large, energy-dense, and rich in fat, similar to previous studies (8) (9) (10) (11) (12) (13) (14) (15) , whereas the BPM and MFM were moderate and reflective of more typical dietary behavior (16) . Thus, the results of the present study are likely to reflect the postprandial circumstances for many individuals in daily life. Next, this study used a randomized crossover design, eliminating the possibility of systematic participant differences confounding the effects detected from the 3 meal trials. Last, within our cohort, variability existed with regard to body composition, fasting metabolic concentrations, and age. Nevertheless, we detected visible differences between the meals, thus increasing the generalizability of the present study.
However, several experimental considerations need to be made when interpreting our findings. Our findings cannot necessarily be extrapolated to women, older adults, physically active individuals, and diseased populations, because each of these groups has been shown to display different postprandial lipemic responses relative to young healthy men. In addition, it would have been potentially useful to have included a fourth trial in which the HFM was divided and delivered biphasically, similar to the BPM. From a study design perspective, that point is logical. However, the present study was intentionally designed to compare an HFM representative of those used in the literature with 2 other meal trials that were more realistic in nature with regard to size and timing. Delivering the HFM biphasically would have nonetheless resulted in participants consuming 2 meals that contained .60% fat, and would therefore shed light on whether TG differences between meal conditions in the present study were simply due to differences in fat content. Next, although participants were continually reminded of the necessary lifestyle controls leading up to each meal trial (avoidance of exercise and caffeine, replication of diet), adherence to these instructions was not formally documented, which represents a potential limitation of the present study. Finally, due to cost, markers of inflammation were assessed 3 and 6 h postmeal, as opposed to hourly in the case of metabolic markers. Consequently, our data are not equipped to characterize the postprandial response curve of these inflammatory markers with high precision.
Conclusions
The purpose of this investigation was to compare metabolic and inflammatory responses to 3 meal conditions in order to better define and understand the metabolic and inflammatory challenges that individuals experience in daily life. The main finding was that the HFM induced a considerably greater TG response than did the other realistic meal protocols, signifying that a single large intake of energy-dense, high-fat food, representative of meals used in previous postprandial studies, may result in a markedly different lipemic response than smaller, moderate-fat meals consumed in daily living. However, we found few clear and noteworthy differences between meal trials with regard to markers of inflammation. We encourage future research to assess the true-to-life postprandial metabolic and inflammatory responses in other relevant populations who are much less represented in the current literature, such as women, older adults, and diseased populations. In doing so, we can gain a better understanding of the metabolic and inflammatory challenges faced by individuals on a daily basis. 
